Background and Purpose-Vasospasm secondary to subarachnoid hemorrhage (SAH) is responsible for severe ischemic complications. Although effective, angioplasty must be performed at a very early stage to produce any clinical recovery. Diagnostic investigations to assess arterial narrowing (transcranial Doppler, angiography) or cerebral perfusion (xenon CT, single-photon emission CT) do not provide evidence of the extent of parenchymal ischemia. In stroke, diffusion-weighted MR imaging (DWI) appears to be the most sensitive procedure to detect cerebral ischemia. We studied asymptomatic vasospasm in patients with aneurysmal SAH to assess whether DWI provides predictive markers of silent ischemic lesions and/or progression toward symptomatic ischemia. Methods-Seven asymptomatic vasospasm patients (average blood velocity rates Ͼ120 cm/s), 3 patients with symptomatic vasospasm, and 4 patients with SAH but without vasospasm were studied at regular intervals by DWI, and their apparent diffusion coefficients (ADCs) were calculated. Results-All patients with vasospasm including those without symptoms presented abnormalities on DWI with a reduction of the ADC prevalently in the white matter. No such abnormalities were observed in patients without vasospasm. The abnormalities on DWI resolved completely in 4 of the 7 patients, with no parenchymal lesion. Resolution was partial in 3 patients whose white matter still presented residual round, focal ischemic lesions. Conclusions-Being able to correlate abnormalities on DWI with parenchymal involvement in asymptomatic patients would be of considerable clinical significance. It is hoped that larger studies will be undertaken to determine whether the ADC has a reversibility threshold, because this would facilitate patient management. (Stroke. 2001;32:1818-1824.)
V asospasm secondary to subarachnoid hemorrhage (SAH) presents in some 40% to 70% of all cases 1 and is symptomatic in 17% to 40% of patients. 2 Despite preventive medical treatment, vasospasm-related ischemia may become symptomatic. In fact, vasospasm is responsible for numerous deaths or ischemic neurological sequelae and is reported to double the risk of mortality in SAH. 3 Although percutaneous angioplasty can restore artery lumen size, it must be performed immediately after the onset of symptoms if clinical disturbances are to be reversed or averted. This poses the problem of diagnosis. 4 Two methods of investigation are available: angiography, which provides evidence of arterial lumen narrowing, 3, 5 and transcranial Doppler (TCD), which plots and compares circulating blood velocities, thereby providing an indirect diagnosis of vasospasm. Blood flow velocities in the middle cerebral artery (MCA) are considered directly proportional to vasospasm severity; ie, vasospasm is mild at average speeds of 80 to 120 cm/s, moderate at 130 to 200 cm/s, and severe above that figure. 6 Neither of these modalities provides evidence of the actual status of the parenchyma, however. This is especially important in sedated or comatose patients in whom objective clinical tests are not feasible.
Although TCD performed at regular intervals monitors blood velocities, it would be useful to have indicators of cerebral damage. Cerebral perfusion abnormalities during vasospasm have already been studied with single-photon emission CT, 7 positron emission tomography, 8 xenonenhanced CT, 9 and perfusion-weighted MRI. 10 Early parenchymal involvement has not been detectable until now, however. Recently developed diffusion-and perfusionweighted MRI techniques are highly sensitive in the investigation of ischemia. In our view, they may also prove to be a useful diagnostic tool for the investigation of vasospasm. To our knowledge, very few studies so far have been conducted on the diagnostic value of these methods of investigation. 11, 12 This study aimed to assess the extent to which diffusionweighted MRI (DWI) detects vasospasm-induced ischemia and to study the correlation between DWI, clinical symptoms, and blood flow. In addition, patients were followed up to assess whether the abnormalities on DWI progressed over time to become established ischemic lesions or whether they could be reversed.
Subjects and Methods

Patients
All patients in the early stages of SAH (Table 1) who are referred to our hospital receive preventive medical treatment for vasospasm consisting of IV nimodipine. After endovascular treatment of the ruptured aneurysm (day 1), patients undergo TCD at days 5, 10, and 15. In the event of vasospasm, TCD is performed every 48 hours. When blood flow values indicate the presence of vasospasm, MRI is performed within the framework of a study protocol, which has already been approved by our regional Ethics Committee, that aims to assess the usefulness of DWI in SAH with secondary vasospasm.
Inclusion Criteria
Inclusion criteria for the study were as follows: (1) SAH of Ͻ8 days; (2) cerebral blood flow values indicative of vasospasm; ie, mean circulatory values Ͼ120 cm/s in at least 1 vascular axis of the circle of Willis; (3) patient age Ͼ18 years; (4) a clinical condition permitting the patient to be transported and undergo MRI; and (5) informed and signed consent.
So far, we have studied 7 patients within the framework of the protocol (group 1). Five have remained asymptomatic while 2 have presented with neurological deficit. A control group has been formed consisting of 4 patients (group 2) whose circulating blood flow velocities are Ͻ120 cm/s. This control group was studied by morphological and DWI investigations. Finally, we compared group 1 with 3 other patients (group 3) who presented during the same period with symptomatic vasospasm and who therefore could not be included in the protocol.
Protocol
Acute Phase
When TCD records blood flows exceeding 120 cm/s in at least 1 vascular axis, MRI is performed within 48 hours. This step is repeated when blood flow exceeds 160 cm/s, when values then rise Ͼ200 cm/s, or when a clinical episode occurs. In the absence of these events, MRI is repeated 4 to 6 days after the first investigation.
Magnetic Resonance Imaging
All investigations were conducted on a 1.5-T system (Signa imager, General Electric Medical Systems). For the T2 fast spin-echo axial sequence, we used the following parameters: repetition time (TR)ϭ3800 ms, echo time (TE)ϭ95 ms, echo train lengthϭ8, 20 slices of 5 mm/1.5 mm, 2 excitations, matrixϭ512ϫ256, and field of view (FOV)ϭ24ϫ18 cm. For the fluid-attenuated inversion recovery (FLAIR) fast sequence, the following parameters were used: TRϭ9000 ms, TEϭ140 ms, TIϭ2200, matrixϭ256ϫ256, 20 slices of 5 mm/0 mm, 1 excitation, and FOVϭ24 cm. For the DWI MRI (spin-echo echo-planar imaging), the following parameters were used: bϭ0 and bϭ1000, 1 shot, minimum TE, TRϭ10 000 ms, 16 overlapping 5-mm slices, FOVϭ28 cm, matrixϭ128ϫ128, a diffusion gradient applied on the 3 axes, and acquisition timeϭ1 minute, 20 seconds.
Subsequent Investigations
A follow-up MRI (morphological study and DWI) was performed between 5 weeks and 2 months subsequent to SAH. Patients also underwent a morphological MRI 6 months after the episode as part of our hospital's routine follow-up program for aneurysms treated with the endovascular procedure ( Table 2) .
Data Processing
DWI sequence data were fed into an adjacent workstation (Advantage for Windows 3.1, Sun Microsystem) and processed with FUNCTOOL software (General Electric Medical Systems). Diffusion images (Bϭ1000) were scanned for signal abnormalities, after which an apparent diffusion coefficient (ADC) map and quantitative assessment were made.
ADC Calculation
Initially, we devised symmetric regions of interest (ROIs) in the suspect areas on the ADC map. The technique was applied by using ROIs of differing size. This process, however, generated ROIs containing both gray and white matter and even cerebrospinal fluid, often containing blood, in the cortical sulci. To match the ADC values with the different structures, we decided to provide systematic digital readings in predefined regions (ie, the frontal cortex [F2], the 
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centrum semiovale, the frontoparietal cortex, thalamus, and lentiform nucleus) by using a series of point-by-point seriated measurements. This is done by defining a reference line against which each pixel is attributed a value. In this way, each ROI is then 5 mm 3 (1 voxel) . Measurements are performed symmetrically in the 2 hemispheres. When lesions appear on DWI, a more in-depth investigation is conducted in the ROI, either by using the same investigative technique or by enlarging the ROI over the area in both hemispheres.
In the cortex, some ROIs were located in the sulci. After verifying on the b0 images the locations where the sulci would appear as a hyperintense signal, these values were eliminated. In some cases, the presence of blood in the sulci made it difficult to visualize the exact ROI location. This problem can be overcome by using other sequences, ie FLAIR, to eliminate ROIs in blood-filled sulci. Blood is visualized as a hyperintensity on FLAIR images and as a hypointense signal on T2-weighted images, thus causing a reduction of diffusion. [13] [14] [15] 
Analysis
Initially, the curves for the 2 hemispheres were compared visually. Subsequently, statistical comparison was made of the values obtained from the Mann-Whitney test (StatView software). The difference was considered significant when Pթ0.05 (Figures 1 through 3) .
Results
Patients With No Vasospasm
The 4 patients without vasospasm (group 2) did not present any evidence of abnormal parenchymal signals either on DWI or on morphological imaging, nor was any significant asymmetry of ADC values found outside the central gray nuclei.
The only zones returning a hyperintense signal on DWI were those affected by SAH (Table 2) .
Patients With Symptomatic Vasospasm
Patients who presented with symptomatic vasospasm on arrival (group 3) showed abnormal hyperintensity on DWI and marked reduction of the ADC compared with the other hemisphere. These abnormalities were found in the territory affected by vasospasm, with ample involvement of the cortex, subcortical white matter, and the junctional territories of the centrum semiovale, which appeared as small, focal lesions in 2 patients (Nos. 12 and 13). Abnormalities on DWI were more extensive than those revealed by T2-weighted images or FLAIR sequences. The focal lesions stabilized, regressed, or disappeared altogether. Both patients were treated with angioplasty and subsequently showed improvement (Figure 4 ).
Patients Included in the Protocol
Patients included in the protocol (group 1) presented with vasospasm only on the basis of high blood flow values. Two patients subsequently became symptomatic.
One developed a neurological deficit (patient No. 2). The first MRI performed at the onset of vasospasm in the right MCA (blood flow of 200 cm/s) did not return any abnormal signal. Significant ADC asymmetry in the frontoparietal cortex was observed, however. Vasospasm subsequently progressed markedly, with blood flow rising to 270 cm/s and becoming diffuse and symptomatic (confusion, right crural paresis). At the second MRI 6 days after the first, DWI showed evidence of lesions. Average ADC values were considerably reduced in the right hemisphere (732ϫ10 Ϫ6 mm Ϫ2 /s on the right vs 789 on the left), with more focal areas of lower ADC on the left side and frontal cortex asymmetry (Pϭ0.0404, reduction on the right side). Subsequently, ie, 2 months after the first MRI, the significant difference in the centrum semiovale persisted, although ADC had increased in the left hemisphere: 831ϫ10 Ϫ6 mm 2 /s on the left vs 714 on the right (Pϭ0.003), reflecting the progression of necrotic areas that appeared as a hyperintensity on the T2 sequence.
Another patient presented with a transient deficit (No. 1) due to modest vasospasm of the left MCA (intermittent phasic disorders). After the regression of signs, no signal anomaly was detected on subsequent DWI. However, the ADC map showed frank asymmetry, with a significant fall of ADC values (Pϭ0.047) in the left sylvian territory (Ϫ9%). During follow-up, no lesion was observed in the territory previously affected by vasospasm.
Five patients remained asymptomatic (Nos. 3, 4, 5, 6, and 7). No abnormal signals were present on DWI in 2 patients (Nos. 5 and 6) despite average blood flow velocities indicative of moderate to severe unilateral vasospasm (170 and 200 cm/s). However, ADC mapping provided evidence of abnormalities on the affected side. The ADC map of patient No. 6 was pathological, showing a significant drop in ADC values in the territory affected by vasospasm, especially in the centrum semiovale (Pϭ0.008). Although patient No. 5 had an apparently normal ADC map, point-by-point calculation and statistical analysis revealed significant asymmetry (Pϭ0.034).
In the other 3 cases (patients Nos. 3, 4, and 7), lesions were observed on DWI in the distal regions or junctional territories. On DWI, patient No. 3 presented with a hyperintensity in the temporo-occipital area, distal to a right MCA branch. This region was the site of a fall in ADC that averaged 30%, with peaks of 47% in the central zone (491 vs 922ϫ10 Ϫ6 mm 2 /s). This patient's ADC values rose to higher than average at the second MRI performed 7 days later but returned to normal after 1 month. No abnormalities were observed on the T2 and FLAIR morphological sequences during the period of investigation (Figures 5 and 6) .
Patient No. 4 presented with an ADC fall of 15% at a focal lesion of the left oval foramen compared with the contralateral side (663ϫ10 Ϫ6 mm 2 /s compared with 771). There was no significant difference in the point-by-point measurements, however. Vasospasm was bilateral, albeit more severe in the left hemisphere.
In patient No. 7, abnormalities on DWI were focal and diffuse, involving areas of the cortex and white matter (right centrum semiovale). ADC was significantly lower on the right side (centrum semiovale Pϭ0.0003, frontal cortex Pϭ0.0025, thalamus Pϭ0.008, lentiform nucleus Pϭ0.015) and were correlated with a right MCA vasospasm. These abnormalities were still observed on the second MRI performed when vasospasm had progressed, and the difference in centrum semiovale ADC values was even more significant (Pϭ0.001). Fewer focal lesions were observed on the morphological sequences than were seen on DWI. In conclusion, abnormalities were observed in all patients, either symptomatic or asymptomatic, on either DWI sequences or by ADC calculation.
Discussion
Validity of Measurements
Diffusion increases in fluid structures, and average ADC values range from 2000 to 3000ϫ10
Ϫ6 mm 2 /s in cerebrospinal fluid. 16 Although sulcus ADC values have never been studied in SAH patients, some authors have investigated intraparenchymal hemorrhagic lesions and have reported reduced ADC values. [13] [14] [15] 16 This variation is due to anisotropy, or the phenomenon whereby diffusion is concentrated along nerve fibers. To minimize these differences, measurements are made on the image generated after diffusion gradients have been applied along the 3 axes (isotropy).
In the literature, studies to measure ADC seldom provide information on ROI size and how white and gray matter structures, which are poorly visible on untreated images with B values of 0 or 1000, are differentiated. In our ADC study, ROIs were given small surface areas (5 mm 3 ) to ensure reliable localization and study of intraparenchymal areas only. ROIs coinciding with the cortical sulci, in other words, with cerebrospinal fluid or SAH blood, were eliminated so as not to distort the calculations.
Control Group
In the control group, measurements were as follows: oval foramen, studies would do well to change the methodology and concentrate more on junctional areas, where abnormalities were observed in 4 of our patients, and on the distal territories.
Abnormalities Observed on DWI During Vasospasm
DWI has seldom been used in vasospasm. Busch et al 12 reported DWI data in the acute phase of SAH in the rat. In the first 2 hours after hemorrhage, the ADC fell in an initially focal area of the ipsilateral somatosensory cortex. Most abnormalities observed on DWI in rats not receiving heparin regressed (ie, bleeding ceased), whereas abnormalities progressed in the heparin-treated group. Abnormalities were first evidenced in the most distal part of the MCA and may have been associated with acute vasospasm and reduced cerebral blood flow due to the fall in perfusion pressure.
DWI and perfusion-weighted MRI have been used in only 1 clinical study by Rordorf et al, 11 who investigated early ischemic lesions in patients presenting with symptomatic vasospasm after SAH who were managed surgically for ruptured aneurysm. The average time between onset of the neurological deficit and the investigation was 10.5 hours (range, 9 to 12). Rordorf et al compared abnormalities appearing on diffusion and perfusion sequences, suggesting that perfusion abnormalities were more marked than diffusion anomalies in symptomatic vasospasm. Symptomatic patients were also found to have an increased median transit time over wide areas, characterized by small, sometimes multiple, focal ischemic lesions on DWI appearances. In the event of neurological deficit, median transit time anomalies were more extensive than the abnormalities appearing on DWI. MRI was normal in 1 asymptomatic patient diagnosed as having vasospasm (of unquantified severity) on angiography and TCD. There are, therefore, no reports in the literature of DWI abnormalities observed in asymptomatic vasospasm.
Our study showed abnormalities on DWI in the form of hyperintense signals in 7 of our patients (Nos. 2, 3, 4, 7, 12, 13, and 14) whether they were symptomatic or not. In 3 cases (Nos. 4, 2, and 7), hyperintensity was moderate and located in the white matter of the centrum semiovale. One patient (No. 3) presented with anomalies localized to the distal temporal territory, which includes both white and gray matter. Although the ischemic lesions in symptomatic vasospasm patients as described by Rordorf et al 11 were limited in size, our symptomatic patients presented with fairly extensive cortical lesions together with other smaller lesions in the oval foramen, a phenomenon that has been seldom described.
Many studies have shown that lesions induced by arterial ischemic disease are visible on DWI very soon after arterial occlusion and before abnormalities show up on T2-weighted images. In our study, patient No. 2 presented with abnormalities on DWI before they appeared on the T2-weighted image. Four others (Nos. 4, 7, 12, and 14) , however, had lesions on both investigations concomitantly. Their ADC values confirmed that their abnormalities were due to recent ischemic damage.
We also observed ADC anomalies in the absence of any untoward DWI appearances. This was the case in 2 patients (Nos. 1 and 6), who presented with ADC abnormalities in the territory affected by spasm. In a third patient (No. 5), ADC asymmetry was significant only when we systematically calculated the ADC voxel by voxel and compared these series of values. To our knowledge, similar ADC reductions without concomitant abnormalities on DWI have not been reported, but mention is often made in the literature of "diffusion anomalies" in stroke accidents. Patients with SAH without vasospasm did not show any ADC map abnormalities nor any statistically significant asymmetry in point-by-point assessment.
Reversibility of Diffusion Anomalies
Patients with isolated ADC reduction had a favorable clinical outcome, without evidence of vascular parenchymal sequelae on subsequent MRI and a return to normal ADC values. In 2 patients (Nos. 3 and 12), the temporal abnormalities observed on DWI regressed, with no evidence of any lesion on the morphological sequences. The ADC reduction concomitant with these lesions had nonetheless initially been 17% to 43% lower than in the contralateral side.
Reversible diffusion abnormalities in arterial ischemic disorders have rarely been described in humans. However, a few recent studies report reversible lesions during acute transient cerebral ischemia, casting doubt on previous assumptions that lesions visible on DWI are areas of cytotoxic edema, which inevitably induces cell death. [17] [18] [19] The literature does contain anecdotal reports of transient cerebral ischemia in which abnormalities observed on DWI sequences prove to be reversible. In an animal model, Li et al 21 showed that ADC losses could be reversed if occlusion had lasted Ͻ60 minutes. Beyond that time, however, lesions were irreversible. 20 The same authors subsequently reported that early recovery of ADC values after transient arterial occlusion did not exclude further sudden neuronal loss with a second abrupt fall-off of ADC values. 22, 23 Using an ischemia/ anoxia model, Harris et al 24 showed that the ADC has to fall 10% to 25% before anoxic depolarization is triggered, ie, before proton pump failure occurs. These findings fire the debate on the pathophysiology of diffusion abnormalities during ischemia and would support the hypothesis that not all lesions observed in diffusion studies are irreversible. ADC and DWI abnormalities have furthermore been observed during epilepsy in concomitance with reversible cell membrane changes and fluid movements. 25 In fact, Hasegawa et al 26 suggested that there might be an ADC threshold above which lesions are reversible. In our study, however, patient No. 3 presented with a 43% ADC reduction compared with the contralateral side (minimumϭ491ϫ10 Ϫ6 mm 2 /s) without suffering any sequelae. Therefore, no reversibility threshold was observed by us. Admittedly, however, our case material is limited and larger studies are necessary.
With What Are DWI Abnormalities Associated?
Even in the first few minutes after acute arterial occlusion, DWI sequences return a hyperintense signal and there is a fall in the ADC. The main pathophysiological explanation is the existence of cytotoxic edema due to proton pump failure. As a result, water moves from the extracellular spaces into the cells. The resultant cellular swelling leads to a drop in ADC. This hypothesis has been corroborated by a study on ADC during acute severe hypoglycemia, which slows proton pump activity and causes energy loss. 27 Other hypotheses put forward include loss of ionic homeostasis, viscosity abnor-malities, and impoverishment of the extracellular environment, resulting in diffusion pathways going around and not through the cells. 28, 29 
Origin of Abnormal DWIs in Vasospasm
The pathophysiology of vasospasm is still not well known. Some patients remain asymptomatic despite severe vasospasm, while others present with neurological deficits even at only moderate blood flow velocity increases. It would seem, therefore, that patients have manifestly different tolerance thresholds to reduced cerebral blood flow caused by vasospasm. On the other hand, the varying severity of ischemia may also be an explanation, with asymptomatic patients suffering only subacute ischemia. Whatever the differences, however, abnormalities observed on DWI indicate vasospasm-related ischemia due to prolonged reduced blood flow to the brain. Such prolonged ischemia may well disrupt the cell membrane proton pump but need not lead to cell death. Correlation with perfusion imaging may shed new light on this issue.
The pathophysiology of the reversible abnormalities observed on DWI in transient ischemia is not clear. The existence of a reversibility threshold is an alluring hypothesis and, if proved correct, would be key to patient management. Some authors have suggested that the absence of abnormal DWIs in some cases of early stage stroke may be accounted for by maintenance of an "intermediate" cerebral blood flow that is insufficient to avert neuronal dysfunction but is greater than the diffusion loss threshold. It is further suggested that proton pump abnormalities do not occur at cerebral blood flows Ͼ10 or 15 mL · 100 g Ϫ1 · min
Ϫ1
. This hypothesis still has to be confirmed, however, as does the theory that DWI abnormalities in vasospasm are exclusively associated with proton pump dysfunction.
Although small, this study has provided evidence for abnormalities on DWI that are concomitant with a reduction in the ADC in early stage asymptomatic vasospasm. In some cases, the abnormalities were reversible. In asymptomatic patients, abnormalities were mainly in the white matter, whereas lesions were prevalently cortical in symptomatic vasospasm. Detection of these abnormalities could prove to be a useful patient management tool. It is hoped that a larger study will ascertain whether there is a threshold beyond which lesions become irreversible.
